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Abstract 

Observations were made of the optical afterglow of GRB 051028 with the Lulin observatory's 1.0 m 
telescope and the WIDGET robotic telescope system. R band photometric data points were obtained on 
2005 October 28 (UT), or 0.095-0.180 days after the burst. There is a possible plateau in the optical light 
curve around 0.1 days after the burst; the light curve resembles optically bright afterglows (e.g. GRB 
041006, GRB 050319, GRB060605) in shape of the hght curve but not in brightness. The brightness of the 
GRB 051028 afterglow is 3 magnitudes fainter than that of one of the dark events, GRB 020124. Optically 
dark GRBs have been attributed to dust extinction within the host galaxy or high redshift. However, 
the spectrum analysis of the X-rays implies that there is no significant absorption by the host galaxy. 
Furthermore, according to the model theoretical calculation of the Lya absorption to find the limit of 
GRB 051028's redshift, the expected R band absorption is not high enough to explain the darkness of 
the afterglow. While the present results disfavor either the high-redshift hypothesis or the high extinction 
scenario for optically dark bursts, they arc consistent with the possibility that the brightness of the optical 
afterglow, intrinsically dark. 
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1. Introduction 

In recent years, the BeppoSAX and HETE-2 have 
provided quick positional information for a number of 
gamma-ray bursts (GRBs) with a typical positional accu- 
racy of ~ 10', which has led to rapid follow-up observations 
in the optical and near infrared frequencies. The Swift 
satellite has opened the door to the making of high sen- 
sitivity X-ray afterglow observations with an X-ray tele- 
scope in the early stage of the afterglows. This revealed 
that almost all of the GRBs had an X-ray afterglow: the 
positions of the GRBs could be measured within a pre- 
cision of 10 arcseconds. Nevertheless, the afterglow as- 
sociated with about half of the promptly localized GRBs 
was either very faint (> 23 mag 1 day after the burst; 
Fynbo et al. 2001), or non-existent (Lamb et al 2003). 
Such events are broadly termed "optically dark GRBs". 
To be more precise, in this paper we define a GRB to 
be "optically dark" if its optical afterglow is fainter than 
23 mag at 1 day after the burst. Typical optically dark 
GRBs include GRB030115 and GRB021211. The after- 
glow of GRB030115 was extremely red; although a near 



infrared counterpart with K ~19 was detected 1 day after 
the burst, no optical afterglow brighter than 20 mag. was 
detected, even at 0.1 days. In the case of GRB021211, 
the afterglow showed a rapid decay until around 0.1 days, 
fading to > 22 mag. by the next day. 

The observations of the afterglow of a GRB via X-rays, 
through radio frequencies can be interpreted by the fire- 
ball models. In general a shock produced by the inter- 
action of relativistic ejecta with the circumburst medium 
will lead to the radiation of broadband synchrotron emis- 
sion. Assuming this widely accepted hypothesis to be true, 
there are three possible explanations for optically dark 
GRBs: (1) They have such high redshifts (z > 5) that opti- 
cal afterglows suffer from strong Lyman absorption (Heise 
2001): (2) The optical afterglow has been extinguished by 
dust in the vicinity of the GRB or in the star-forming re- 
gion in which the GRB occurs (Piro et al. 2002; Klose et 
al. 2002): (3)The optical afterglow exhibits rapid decay 
from a very early phase, such as has been reported for 
GRB021211 and GRB020124 (Crew et al 2003, Berger et 
al 2002, Yamazaki et al 2003). 

In this paper we present an analysis of the optical 



2 



Y. Urata et al. 



and X-ray afterglow of an optically dark event, GRB 
051028. At 13:36:01.47 UT on 28 Oct 2005, the HETE-2 
FREGATE and WXM (Shirasaki et al 2003) instruments 
detected a bright GRB (Hurley et al 2005). The burst 
triggered the operation of FREGATE in the 30-400 keV 
energy band. The burst duration (T90) was 16 seconds in 
both the 30-400 keV band and the 7-30 keV band. Ground 
analysis of the WXM data found a 90% confidence error 
region measuring 33' x 18' with corners at the following co- 
ordinates: a(2000) = 01'^50'"19".6, (5(2000) = +47°41'06", 
a(2000) = 0l'^47"^01M, (5(2000) = -h47°38'02", a(2000) = 
0l'M6'"58".3,(5(2000) = +47°55'55", and (a(2000) = 01*^50'" 
17". 5, 5(2000) = -f47°58'58". The 30-400 keV fluence of 
GRB 051028 is 6 x lO-^erg/cm^ ; the 2-30 keV fluences 
is 6 X 10~^erg/cm^. The hardness ratio allows us to clas- 
sify this burst as a classical GRB (Hurley et al 2005). 
Swift XRT started to observe the field about 7. 1 hours af- 
ter the burst and found the X-ray afterglow at Q!(2000) = 
0l'M8"n5M, (5(2000) = -h47°45'12".5 with an uncertainty 
of 6" (90% containment) (Racusin et al 2005). The op- 
tical afterglow was also reported by Jelinek et al (2005) 
at the coordinates of ct(2000) = 01^48^15". 01, (5(2000) = 
+47°45'09".2. 

2. Observations 

Optical observations were made by the East- Asia GRB 
Follow-up Observation Network (EAFON^; Urata et al 
2005) using two kinds of telescopes. 

2.1. Pre-GRB observation with WIDGET 

We observed the error region of GRB 051028 (Hurley et 
al 2005) with the very wide-field camera WIDGET (Abe 
et al 2006; Tamagawa et al 2005). WIDGET is a robotic 
telescope. It monitors the HETE-2 field-of-view and can 
detect GRB optical flashes or possible optical precursors. 
The filed-of-view is 62° x 62°, which covers about 80% of 
the HETE2 WXM observing field. The system consists of 
a 2k x 2k Apogee UIO CCD camera and a Canon EF 24mm 
f/1.4 wide-angle lens. WIDGET has been in operation at 
the Akeno site (Latitude and Longtitude are +35 o47' and 
138°30', respectively) since June 2004. WIDGET moni- 
tored the GRB 051028 region by repeated unfiltered 5- 
second exposures taken 16.0 min and 11.2 min before the 
burst (Masuno et al 2006). 

2.2. Follow-up observation at Lulin 

We started optical follow-up observations using Lulin's 
One-meter Telescope (LOT) (Huang et al 2005) 0.094 
days after the burst (i.e., 12 min after the HETE-2 po- 
sition alert). This is the fastest follow-up observation 
time possible with a meter-sizes-telescope. This telescope 
was installed in September 2002 on the summit of Mount 
Lulin (120°52'25" E, 23°28'7" N, H= 2862 m) in central 
Taiwan by the Institute of Astronomy of National Central 
University. Photometric images were obtained with a 
PI1300B CCD camera (1340 x 1300 pixels: 11'. 5 x 11'. 2 
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Fig. 1. R band image of tlie GRB 051028 field obtained at 
the Lulin observatory with a 300 s exposure time. The circle 
near the center of the image indicates the afterglow. 

field of view). A samples is shown in figure 1. To cover 
the entire HETE-2 WXM error box (33' x 18'), we imaged 
the 8-field mosaic with 300 sec exposures in the R band. 
Due to the darkness and to there being no clear variabil- 
ity during the early part of our observations as shown in 
figure 2, we could not quickly identify the afterglow by 
analysis at the observing site. The obtained R band data 
is described in Table 1. 

3. Analysis and Results 

3.1. WIDGET 

The data reduction of the WIDGET images were per- 
formed in the standard manner. Each WIDGET image 
taken around the GRB position was compared with non- 
saturated bright stars in the Tycho-2.0 position catalog. 
The rms deviation around the fit to the positions of 8 
reference stars was 231". We did not find any optical 
emission from the afterglow position (Jelinek et al. GCN 
4175). The 1-sigma limiting magnitude of each frame de- 
rived from the Tycho-2 catalog was around V=10.3 mag. 

3.2. LOT 

A standard routine, including bias subtraction, dark 
subtraction, and flat-fielding corrections with appropriate 
calibration data was employed to process the data using 
IRAF. As shown in figure 1, the afterglow can clearly be 
seen in the R band images. Flux calibrations were per- 
formed using the APPHOT package in IRAF, referring 
to the standard stars suggested by Henden (2005). For 
each data set, the one-dimensional aperture size was set 
to 4 times as large as the full-width at half maximum of 
the objects. The magnitude of error for each optical im- 
age is estimated as cr^ = a^^i + '''sys ; where (Jph represents 
the photometric errors for the GRB051028 afterglow, es- 
timated from the output of IRAF PHOT, and (Jsys is the 
photometric calibration error estimated by comparing our 
instrumental magnitudes for the 7 standard stars over the 
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Fig. 2. _R band light curve based on the photometry of the 
Luhn (LOT) photometry. The dashed line indicates the best 
fit function for the lightcurve between 0.11 and 0.63 days after 
ther burst. 



Table 1. Lulin photometric result. 



Delay (days) 


Filter 


Magnitude 


0.095 


R 


20.77 ±0.08 


0.099 


R 


20.71 ±0.06 


0.103 


R 


20.77 ±0.06 


0.107 


R 


20.76 ±0.06 


0.111 


R 


20.88 ±0.07 


0.147 


R 


21.19 ±0.09 


0.180 


R 


21.45 ±0.14 


0.262 


R 


21.80±0.13 



9 frames. 

Figure 2 shows the R band hght curve of the GRB 
051028 afterglow. There is a clear plateau phase seen 
about 0.1 days after the burst. This early phase plateau 
is often seen in optically bright afterglows, such as with 
GRB 041006 (Urata et al. 2006), GRB 021004 (Urata et 
al. 2006) and GRB 050319 (Huang et al 2006). Around 
0.11 days after the burst, the optical afterglow started to 
decay. We tried to fit the decaying R band light curves 
using as a simple power law of the time t after the onset 
of the burst, t", where a is the decay index. We have ob- 
tained a = —1.06 ±0.04 with a reduced chi-squared {x^ /v) 
of 0.029 for = 1. In order to better constrain the late- 
time (> 0.3 day) behavior of the light curve, we combined 
our data with the two i?c-band photometric points taken 
by the Willam Herschel telescope; i?=21.97±0.05 mag. at 
0.337 day, and i?=22.8±0.3 mag. at 0.625 day (Castro- 
Tirado et al. 2006). We again successfully fitted the com- 
bined R band light curve with a single power law, for 
which the decay index is -0.904 ±0.037 with x^/i^=0.33 
for = 3. 

3.3. Swift/XRT 

In order to compare the X-ray afterglow with the op- 
tical afterglow, we also analyzed X-ray data taken by 



Fig. 3. X-ray lightcurve taken by Swift/y^KT. The dashed 
line shows the best fit power law function. 

Swift/XRT. The data for GRB 051028 were downloaded 
from the Swift archive and reduced by running ver- 
sion 0.10.3 of the xrtpipeline reduction script from the 
HEAsoft 6.0.6^ software package. However for the four 
series of observations, the significance was close to 3 cr, 
less than expected from 1 set of XRT data. We then ana- 
lyzed only the first set of XRT data, for which observation 
started at 7.1 hours after the burst. Spectral response files 
were generated using the xrtmkarf task and the latest cal- 
ibration database files (CALDB version 8, 2006-04-27). 

The X-ray light curve in the 0.5 — 5.0 keV band is a rea- 
sonably fit to a power law model with a = — 1.37±0.38 and 
X^/dof — 1.00/7, which is consistent or slightly steeper 
than that of the optical value. The 0.5 — 5.0 keV spec- 
trum is well fitted by an absorbed power law where the 
photon index F = 2.3^q | with an absorbing column of 
Na = 3.lt°;^ x lO^^cm^ and x^/dof = 0.67/19. According 
to Dickey & Lockman (1990), the galactic column den- 
sity of this line of sight is estimated to be 1.2 x lO^^cm^. 
The mean fiux during the observation is 1.08lg'73 ^ 10~^^ 
erg/cm^/s, which is about 1 order fainter than those of 
optically bright GRB's X-ray afterglows, such as GRB 
050319(Cusumano et al 2006), GRB 051111(Butler et al 
2006) and GRB 060124(Romano et al. 2006). These hght 
curve and spectrum analyses indicate that this X-ray af- 
terglow behavior agrees with the standard model in terms 
of the relation between the temporal and spectral indices, 
assuming that we are observing a spherical fireball in a 
frequency range above that of synchrotron cooling (Sari 
et al. 1999). 

4. Discussion 

LOT was used to detect the optically dim afterglow of 
GRB 051028. The brightness around 0.1 days after the 
burst is about 3 magnitudes fainter than that of the dark 
GRB 020124 (Berger et al 2002). The temporal evolution 
of the optical afterglow shows a plateau phase around 0.1 

^ http;/ /heasarc. gsfc.nasa.gov/docs/software/lheasoft/ 
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Fig. 4. X-ray spectrum taken by Swift/XHT. The spectrum 
is well fitted by the absorbed power law with photon index 
r = 2.3j:o4, absorbing column Nh = S.ltol x lO^^ cm^. 

days after the burst. These features, with the exception of 
the brightness, resemble those of recent optically bright af- 
terglows. The X-ray afterglow is also 1 order fainter than 
those of optically bright GRB's X-ray afterglow. In con- 
trast with one typical, optically dark event, GRB 021211, 
the light curve of GRB 051028 shows the usual pattern of 
temporal decay, with an index of a = —0.904. This is dif- 
ferent from optically dark GRBs, which show rapid decay 
from very early phases, such as for GRB 021211. 

The optical darkness of the GRB 051028 optical after- 
glow may instead be a result of high circumburst extinc- 
tion. However the column density iVn shows no significant 
excess against the Galactic value. The observed Nh (90% 
confidence level) is consistent with that of the Galactic 
value. Since this value is insufficient to explain the opti- 
cal darkness of dark GRBs, the extinction model of opti- 
cally dark GRBs is also not applicable to the present case. 
These results are supported the SCUBA observations of 
several dark GRBs: the sub-mm results suggest that the 
optically dark GRBs do not occur in particularly dusty 
environments (Barnard et al 2003). 

Although the redshift of GRB 051028 was not deter- 
mined from optical spectroscopic observation, a value of 
pseudo-z = 3.7± 1.8 can be derived for this burst using the 
pseudo-z estimator developed by Pelangeon et al (2006). 
Even assuming the highest allowed redshift (z = 5.5), the 
Lya line and continuum absorption is expected to affect 
the R band flux of the afterglow only by ~ 2 mag. In 
this calculation, the optical depth is calculated following 
Yoshii et al (1994), and the spectral index, as computed 
from the X-ray afterglow, is fixed at /3 = — 1.3. This cal- 
culation also successfully explains the drop in the B band 
in the spectra of the GRB 050319 (z = 3.24) afterglow 
(Huang et al. 2007). Since the expected R band absorp- 
tion is not high enough to explain the darkness of the 
afterglow, it is inappropriate to use the high-z scenario 
for optically dark GRBs, at least for the particular case of 
GRB 051028. The afterglow spectral index pox at 11 hours 
after the burst derived from X-ray and optical data is also 
usefuU indicator of the opticall darkness as Jakobsson et 
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Fig. 5. The brightness in the R band at 0.1 days after the 
burst plotted against the prompt fluence between 30 and 400 
keV. The prompt fiuencc come from Hurley et al (2005) for 
GRB 051028 and Sakamoto et al (2004) for others 

al (2004). For the current event, the index f3ox ^ —0.6 
agrees with the standard afterglow model and imply that 
the optical darkness is unlikely to support high-z and ob- 
scuration. 

The above discussion suggests that the brightness of 
the GRB 051028 afterglow is intrinsically optically dark 
although the prompt fluence is brighter than that of opti- 
cally bright events, such as GRB 021004. The brightness 
of X-ray afterglow also supports this hypothesis. Figure 
5 shows the R band brightness at 0.1 days against the 
prompt fluence. It can be seen that they have the same 
redshift range as docs GRB 051028 (z = 3.7 ±1.8) de- 
tected by HETE-2. This result implies that the afterglow 
emission mechanism or the energy conversion to the after- 
glows may be the origin of the darkness. Swift has formu- 
lated the canonical X-ray afterglow behavior, which has 
led to the observation of early optical afterglows. These 
X-ray and optical light curves show rapid and shallow de- 
cay in the early phase. These various variablities may be 
explained by the standard forward shock scenario, with 
some additional components, such as continuous activi- 
ties related to the central engine, energy injection, patch 
shell and 2 jet models (e.g. loka et al. (2005)). The 
t< 0.1 days plateau phase of GRB 051028 could be ex- 
plained by energy injection within the context of forward 
shock model. In a case of less energy input, there arc 
two expected features: (1) the brightness of the optical 
afterglow will be dim, and (2) the temporal behavior will 
have a shorter shallow decay phase than those of bright 
afterglows, which is similar to the pure standard model. 
The shallow decay period of the current GRB 051028 is 
obviously less than that of the bright afterglow. While 
the bright event of GRB 050319 has a longer shallow de- 
cay phase (~ Idays), the afterglow of GRB 051028 shows 
the classical temporal decay pattern [a = —0.9) from 0.1 
days after the burst. 
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5. Conclusion 

We made optical observations using both WIDGET and 
the Lulin 1 m telescope. Based on our optical follow- 
up observation, it can be seen that the optical afterglow 
shows a possible plateau phase at 0.1 days, which is similar 
in behavior but not in brightness to optically bright after- 
glows (e.g. GRB 041006, Urata et al. 2007; GRB 050319, 
Huang et al. 2007; GRB 060605, Deng et al. 2007). The 
brightness is 3 magnitudes fainter than that of the op- 
tically dark GRB 020124. The X-ray spectrum analysis 
implies that there is no significant extinction by the host 
galaxy. Furthermore, according to the model calculation 
of Lya absorption limit of GRB 051028's redshift, the ex- 
pected R band absorption is not high enough to explain 
the darkness of the afterglow. These arguments indicate 
that the faintness of the afterglow of GRB 051028, that is 
the optically darkness of the burst, is not due to its being 
obscured by dust but because it is intrinsically dim. 
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